We report an electro-optic modulator (EOM) with a wedged MgO: LiNbO 3 as the modulation crystal to reduce the zero baseline drift (ZBD) of the Pound-Drever-Hall (PDH) error signal. When the input linear polarization is not along the modulation direction, the wedged design can separate the two orthogonal polarizations in space after the EOM and eliminate the interference between the carrier and the two orthogonal sidebands. Therefore, the residual amplitude modulation (RAM) of phase modulation process caused by the input polarization misalignment and the etalon effect can be significantly reduced. The noise power spectrum of phase-modulated light with wedged crystal EOM is suppressed from −24 to −69 dBm, which is much lower than that with conventional EOM. The peak-to-peak value of the ZBD of the PDH error signal is reduced effectively to 70∕ − 50 ppm during the 10 h, which meets the requirements for stable squeezed light generation. Squeezed state of light is an important resource for many applications, including precision measurement such as gravitational wave detection [1,2] and quantum information processing for continuous variables [3, 4] . For the advanced applications of squeezed light, the generation of stable squeezed light is a critical task. A typical method to generate squeezed light is the utilization of a sub-threshold optical parametric oscillator (OPO) [5, 6] . The stability of the squeezing factor is mainly limited by the quality of the servo-control system. In an actual schematic of the experiment, at least three servo-control loops are required: OPO cavity length, relative phase between the pump and signal lights, and relative phase between the local oscillator (LO) and the signal light. Frequency detuning from the cavity resonance, equivalent to the rotation of the squeezing angle, will decrease the squeezing degree [7, 8] . At the same time, the phase difference with the desired value, which will mix the squeezed and antisqueezed quadratures, also deteriorates the quantum noise reduction [9] [10] [11] [12] . However, it is well known that almost all the electro-optic modulators (EOMs) generate some unwanted residual amplitude modulation (RAM), which results in the systematic zero baseline drift (ZBD) of the PoundDrever-Hall (PDH) error signal [13] [14] [15] and, hence it degrades the cavity-and phase-locking performance and is especially detrimental in the quantum noise stability of the squeezed state.
We report an electro-optic modulator (EOM) with a wedged MgO: LiNbO 3 as the modulation crystal to reduce the zero baseline drift (ZBD) of the Pound-Drever-Hall (PDH) error signal. When the input linear polarization is not along the modulation direction, the wedged design can separate the two orthogonal polarizations in space after the EOM and eliminate the interference between the carrier and the two orthogonal sidebands. Therefore, the residual amplitude modulation (RAM) of phase modulation process caused by the input polarization misalignment and the etalon effect can be significantly reduced. The noise power spectrum of phase-modulated light with wedged crystal EOM is suppressed from −24 to −69 dBm, which is much lower than that with conventional EOM. The peak-to-peak value of the ZBD of the PDH error signal is reduced effectively to 70∕ − 50 ppm during the 10 h, which meets the requirements for stable squeezed light generation. Squeezed state of light is an important resource for many applications, including precision measurement such as gravitational wave detection [1, 2] and quantum information processing for continuous variables [3, 4] . For the advanced applications of squeezed light, the generation of stable squeezed light is a critical task. A typical method to generate squeezed light is the utilization of a sub-threshold optical parametric oscillator (OPO) [5, 6] . The stability of the squeezing factor is mainly limited by the quality of the servo-control system. In an actual schematic of the experiment, at least three servo-control loops are required: OPO cavity length, relative phase between the pump and signal lights, and relative phase between the local oscillator (LO) and the signal light. Frequency detuning from the cavity resonance, equivalent to the rotation of the squeezing angle, will decrease the squeezing degree [7, 8] . At the same time, the phase difference with the desired value, which will mix the squeezed and antisqueezed quadratures, also deteriorates the quantum noise reduction [9] [10] [11] [12] . However, it is well known that almost all the electro-optic modulators (EOMs) generate some unwanted residual amplitude modulation (RAM), which results in the systematic zero baseline drift (ZBD) of the PoundDrever-Hall (PDH) error signal [13] [14] [15] and, hence it degrades the cavity-and phase-locking performance and is especially detrimental in the quantum noise stability of the squeezed state.
The ZBD of error signal in the PDH technique [16] originates primarily from two mechanisms: the birefringence of the electro-optic (EO) crystal [17] [18] [19] [20] and the etalon effect formed by two parallel end facets of the EO crystal [13] . Compounding matters, these effects are often sensitive to temperature and stress variations, which impede the realization of long-term stable squeezed light [18, 21] . It is possible to reduce the ZBD of the PDH error signal originating from birefringence effect with extreme care in aligning the input polarization direction to match the crystal's principal axis. However, the polarization fluctuation of the input beam and inevitable misalignment cannot be thoroughly eliminated. The most effective method of compensating for the effect of the phase difference due to natural birefringence is the employment of an active servo control to change either the modulation voltage or the crystal's temperature [17] [18] [19] [20] [22] [23] [24] . In addition, to sufficiently suppress the spurious etalon effect of the EO crystal, all optical surfaces are tilted slightly off the normal incidence of the laser beam [14] . In an actual squeezed generation system, besides the three servo control loops, any additional control loops to suppress the ZBD of the PDH error signal will increase not only the system complexity, but also the adjustment difficulty.
In this Letter, a wedged MgO:LiNbO 3 crystal is used as the EO crystal. Due to its natural birefringent, except for the EO modulation, the crystal also acts as a polarizer to separate the misaligned polarization light into two beams with the polarizations parallel to the crystal's principal axes in space. One is used as the signal light for the cavity-and phase-locking, and the other is blocked. Amplitude modulation originating from the superposition of the two beams after the EOM is significantly reduced. By comparing with the conventional EOM, the noise power spectrum of phase-modulated light with the wedged EOM can be distinguished suppressed from −24 to −69 dBm. The peak-to-peak value of the ZBD of the PDH error signal is limited to 70∕ − 50 ppm during the 10 h, which is much lower than the value obtained by using the conventional EOM.
An EOM is a device used to modulate the phase of a laser beam, consisting of a birefringence crystal and a pair of electrodes imposing on the crystal along one of the principal axes. Lithium niobate (LiNbO 3 ) with an MgO concentration is one of the most commonly used ferroelectric crystals in EOMs [14, 25] . Figure 1 shows the generation principle of RAM and the ZBD of the PDH error signal. The z-and y-axes are the principal axes of the extraordinary and ordinary waves, respectively. The laser propagates along the x-axis; two end faces are perpendicular to the x-axis for the conventional design. A modulation field parallel to the z-axis is applied to the crystal. Under ideal conditions, the laser beam, with the polarization direction parallel to z-axis, passes through the EOM, and there is a pure phase modulation, where the baseline of error signal is under zero offset and is kept as constant.
However, in practice, it is inevitable to have a small polarization noise of laser beam, and axis mismatch between the incident polarized and the principal axes of the EO crystal. Consequently, the laser beam is divided into the ordinary beam and the extraordinary beam in the EO crystal, where these polarization directions are orthogonal. After the EOM, the output of the modulated light includes two orthogonal sets of carriers and two sidebands, all of which are superposed in space. Polarizing optical components downstream will make the orthogonal carriers and the sidebands interfere mutually. The phase delay difference of the two polarization components within the EO crystal destroys the balance of the triplet of phase-modulated light. In addition, imperfect antireflection coatings of the two parallel end facets causes a fringelike variation in intensity associating with the change of temperature and stress [13, 26] . All of these mechanisms result in the ZBD of the PDH error signal.
According to the descriptions above, the separation of the two polarization components in space is a simple and effective method. To realize this purpose, distinguishing from the conventional EO crystal with two parallel end facets is proposed, where one of the end faces is wedged by 4°against the z-axis of the crystal (shown in Fig. 2) . The basic working principal of the wedge design is that the deflection angles of the ordinary light and the extraordinary light are different through the wedged facet due to the natural birefringence of the crystal [27, 28] . The ordinary wave is separated from the extraordinary wave in space; the ZBD of the PDH error signal originating from birefringence effect can be significantly reduced. It is worth noting that the design also reduces the ZBD of the PDH error signal that results from the etalon effect. Figure 2 shows the experimental setup for measuring the noise power spectrum of phase-modulated light and the ZBD of the PDH error signal. A homemade single-frequency Nd:YVO 4 laser at 1064 nm is used [29] . An optical isolator (OI1) in front of the laser is used to minimize the backreflections. The linearly polarized beam incident in the EOM is ensured with a purity of better than 1:100000 by using a Glan-Thompson prism (GTP). Another GTP is located after the EOM as a downstream polarizing optical component, which aligns along the propagation direction of the extraordinary wave. The unwanted ordinary light is blocked by a dump in front of the downstream prism. Other additional optical isolators (OI3 and OI4) are placed in front of the photodetector to suppress spurious etalon effects in the optical setup [18] . Two LiNbO 3 crystals with conventional and wedged end facets are used as the modulation medium, respectively, which have the same cutting orientation and size. Both EOMs have a modulation index of around 0.1. For the conventional EOM, the RAM level, arising from multipassing fringe effects, depends on the incidence angle of optical beam into the EOM [14] . In the experiment, the incidence angle is adjusted to 1.2°to get the minimum RAM, which compares with the RAM level of the wedged EOM.
A beam splitter is placed in front of the cavity, where its reflected beam is directly coupled into the photodetector (PD1). The output of the beam splitter is fed into an RF spectrum analyzer to measure the noise power spectrum of phase-modulated light. Another photodetector (PD2) reads the reflected signal of the OPO from the optical isolator (OI2). The RF signal used for frequency modulation acts as a LO to be mixed with the PD2 signal. The phase of the LO is adjusted to give a maximum error signal in the mixer output. When the laser frequency is tuned far from the cavity resonance, the mixer output corresponds to the zero baseline of error signal, which is fed into a NI data acquisition card (DAC) to measure the ZBD of the PDH error signal. Figure 3 shows the noise power spectra of phase-modulated light signal monitored by PD1 and recorded with the RF spectrum analyzer with conventional and wedged modulation crystals, respectively. When the wedged crystal is used as the modulation medium, the RAM is suppressed by 45 dB, compared with conventional EOM. The remaining RAM is approximately 30 dB higher than the shot noise floor of PD1 at a resolution bandwidth of 100 Hz, and video bandwidth of 10 Hz, which may come from spatial inhomogeneity of the electric field inside the crystal, amplitude fluctuation of the RF power, or frequency fluctuation of the laser [18, 23] .
To evaluate the long-term stability of zero baseline, we perform a 10 h record of error signal from the mixer recorded by a NI DAC when the laser frequency is far away from the cavity resonance. In the 10 h period, the zero baseline is recorded, which can be converted into a relative fluctuation, with units of ppm, divided by the peak-to-peak value of the error signal. The relative fluctuation can be directly converted into the frequency and phase fluctuation in a definiteness system. Figure 4 compares the time-related zero baseline offset of error signals with the conventional and wedged modulation crystals, respectively. With the former one, the maximum zero baseline offset is about 3500∕ − 3400 ppm in 10 h. Replaced by the latter one, the maximum zero baseline offset of error signal is reduced to 70∕ − 50 ppm, which is roughly 1/50 of the former. In the experimental setup of squeezed light generation, the ZBD of error signal, originating from the RAM, gives rise to the OPO cavity length and relative phase fluctuations in the vicinity of the resonance point and desired value. These fluctuations drive the squeezing noise fluctuation, produced by an OPO. The ZBD-induced off-resonance fluctuation and relative phase fluctuations can be estimated using the expression of ϵ × κ and ϵ × π.
According to the full OPO equations of motion, the cavity length detuning will cause a shift of the squeezing angle, which can be expressed by [8] 
where κ is the half-width at half-maximum of the cavity transmission, and x is the gain factor ffiffiffiffiffiffiffiffiffiffiffi ffi P∕P th p . When the gain factor x is 0.95, the squeezing angle fluctuation decreases from 0.1°to 0.002°under the conditions of the peak drift.
The relative phase between the pump and seed beams is locked at the most de-amplified (π) and amplified (0) phase to obtain quadrature amplitude and phase squeezed light, whose noise does also cause the squeezing angle fluctuations. The relative phase noise between the LO and squeezed beam would make the anti-squeezed quadrature contaminate the observed squeezing level. The relative phase noise originating from the ZBD of the PDH error signal, before and after using the wedged crystal, is reduced from 0.63°to 0.013°. Here we suppose there is a squeezed state generation system with the theoretical squeezing level of −10 dB. Considering all cavity length and relative phase fluctuations stemming from the ZBD, the quantum noise fluctuation is shown in Fig. 5 . With the conventional modulation crystal, the observed squeezing is only −9.1 dB at worst, which shows that the 
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Vol. 41, No. 14 / July 15 2016 / Optics Lettersfluctuation of the squeezing level is more than 0.9 dB in 10 h. However, with the wedged modulation crystal, the observed squeezing is −9.9998 dB at worst; the fluctuation of the squeezing level is less than 0.0002 dB in 10 h, without noticeable drift. The quantitative influence of the squeezing angle noise on the observed squeezing level is obtained from [9, 11] . Obviously, the ZBD reduction can effectively improve the long-term stability performance of squeezed state generation system.
The inset of Fig. 4 shows the stability of the zero baseline offset described by Allan deviation. With the wedged crystal, the minimum Allan deviation is improved to 1.15 ppm at 13 s and clearly shows white noise dependence [20] .
In conclusion, we have designed an EOM with a wedged MgO:LiNbO 3 crystal as the modulation crystal. According to the natural birefringence, the wedged design differentiates the deflection angles of the ordinary and extraordinary waves, two polarization components are completely separated in space, and the interference between the carrier and two orthogonal sidebands is eliminated. The RAM and the ZBD of the PDH error signal originating from the polarization misalignment and the etalon effect is reduced. Compared with the conventional EOM, the noise power spectrum of phasemodulated light with the wedged EOM is suppressed from −24 to −69 dBm; the peak-to-peak ZBD associated with RAM in 10 h is reduced from 3500∕ − 3400 ppm to 70∕ − 50 ppm. The influence of the ZBD of error signal on quantum noise fluctuation is effectively reduced. Most important of all, there is unnecessary to use some additional servo controls, and align carefully the polarization of the input beam, which greatly simplifies the alignment process and the setup of squeezed state generation. 
